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Diatoms have attracted considerable attention due to their success in diverse
environmental conditions, which probably is a consequence of their complex
origins. Studies of their metabolism will provide insight into their adaptation
capacity and are a prerequisite for metabolic engineering. Several years of
investigation have led to the development of the genome engineering tools
required for such studies, and a profusion of appropriate tools is now available
for exploring and exploiting the metabolism of these organisms. Diatoms are
highly prized in industrial biotechnology, due to both their richness in natural
lipids and carotenoids and their ability to produce recombinant proteins, of
considerable value in diverse markets. This review provides an overview
of recent advances in genetic engineering methods for diatoms, from the
development of gene expression cassettes and gene delivery methods, to
cutting-edge genome-editing technologies. It also highlights the contributions
of these rapid developments to both basic and applied research: they have
improved our understanding of key physiological processes; and they
have made it possible to modify the natural metabolism to favour the pro-
duction of specific compounds or to produce new compounds for green
chemistry and pharmaceutical applications.

This article is part of the themed issue “The peculiar carbon metabolism
in diatoms’.

1. Introduction

Diatoms are the most prevalent microalgae worldwide due to their ability to
grow in a wide range of environments, from lakes to oceans. They account
for about 40% of marine primary production and are, alone, responsible for
the production of one-fifth of the oxygen we breathe [1]. In addition to their
ecological importance, the complex evolutionary history and outstanding phys-
iological properties of diatoms have attracted considerable scientific interest,
both because of their fantastic potential and because of their possible uses in
biotechnological applications [2-4]. The identification or development of
models appears to be essential for such studies. But how can we best define
a scientific model organism? In our view, the most appropriate definition is
that given by Rachel A. Ankeny in 2011: ‘Model organisms are non-human
species that are extensively studied in order to understand a range of biological
phenomena, with the hope that data and theories generated through use of
the model will be applicable to other organisms, particularly those that are in
some way more complex than the original model’ [5, p. 313]. Based on these cri-
teria, several diatom species can be considered appropriate models. These species
include Thalassiosira pseudonana for silica biomineralization, Phaeodactylum
tricornutum for carbohydrate metabolism, the xanthophyll cycle and lipid metab-
olism, Cylindrotheca fusiformis for ecophysiological and silicification research,
Pseudonitzschia for both sexual reproduction and harmful algal blooms,
Chaetoceros for harmful algal blooms and Fragilariopsis cylindrus for algal adap-
tation to polar marine conditions. However, an organism can be considered a
model organism only if it can be manipulated experimentally.
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In recent decades, systems biology research and genetic
engineering approaches have been developed to improve our
understanding of complex biological systems and for the
manipulation of such systems. Systems biology combines
high-throughput experimentation with large-scale ‘-omics’
technologies (genomics, transcriptomics, proteomics, metabo-
lomics and fluxomics), quantitative analysis and modelling,
to provide insight into processes contributing to the organiz-
ation and dynamics of cells. Genetic approaches can be used
to identify and confirm gene functions and to design model
organisms, and such approaches have been extremely suc-
cessful in recent years. This review focuses on systems and
approaches developed for the genetic manipulation of diatoms
for both basic research, through functional analyses of diatom
genomes; and applied research, by making it possible to
improve strains for biotechnological applications.

2. Molecular genetic approaches to understand
and manipulate diatom model species

The tremendous accumulation of genomic and transcriptomic
data (ensemblgenomes.org; genomeportal.jgi.doe.gov) over
the last decade and the development of screening methods for
the production of specific molecules have provided valuable
information about the regulation of diatom metabolism. Genetic
engineering techniques have opened up possibilities for manip-
ulating the genetic heritage of diatom cells by modifying,
deleting and introducing genomic sequences. Such manipula-
tions are essential for investigations of the function of genes
and for improving diatom metabolic potential.

(a) Creation of a gene expression toolbox

Genetic engineering requires procedures for introducing DNA
into diatom cells and for ensuring its integration into the
host genome for gene expression. This requires (i) the assembly
of a vector carrying all the structural elements controlling
transgene expression (e.g. promoters and terminators of tran-
scription, 5UTR, 3'UTR), (ii) the identification of selectable
markers for the isolation of transformed cells, and (iii) the
development of efficient methods for stable DNA delivery.

(i) Regulatory elements driving efficient transgene expression

Expression vectors are entities designed to carry the gene
of interest plus the regulatory sequences (promoters and
terminators) driving gene expression. Here, we describe
some constitutive and inducible endogenous promoters that
have been used to drive transgene expression in diatoms.
Endogenous promoters have been obtained from genes encod-
ing a chlorophyll a/ c-binding light-harvesting complex protein
(Lhcf, formerly called fcp; about 15 Lhcf genes are known,
Lhcf1-15 [6]), a histone gene (h4) and the elongation factor 2
(ef2) genes. All these promoters are constitutive, driving con-
stant, high levels of transgene expression. The Lhcf promoters
were initially identified in P. tricornutum, and promoters of
this type have proved effective in various diatom species
including both pennates and centrics [7-12]. These promoters
are widely used, but their dependence on light renders them
unsuitable for studies of transgenes in conditions of darkness
[13]. The h4 promoter is one possible alternative; it drives
light-independent expression, but at levels lower than those
that can be achieved with Lhcf promoters [14]. This promoter,

which was first used in P. tricornutum, has been successfully
identified and used in other diatom species (table 1). A consti-
tutive promoter derived from the elongation factor 2 (ef2) gene
has recently been used to drive expression to levels greater than
those achieved with Lhcf2 promoters (at least 1.2 times higher)
in P. tricornutum [17]. Another promoter (Lhcr5), derived from
the red algal-like light-harvesting complex protein (Lkcr, also
constituting a multigene family), has also been used as a consti-
tutive promoter in Chaetoceros gracilis [11]. Diverse promoters
are thus available, but the terminators used to date have been
limited to those of the Lhcf1, Lhcf9, nr (nitrate reductase), rbcL
(rubisco small subunit) and Lhcrl4 genes [7,8,10-12,26,27].
Most expression vectors used can express one gene of interest.
However, new versions of expression vectors able to express
two genes simultaneously have recently been developed.
These vectors are valuable for co-localization studies [32] and
for work with metabolic pathways controlled by more than
one gene [33].

Inducible promoters that can be used to switch transgene
expression on and off in an efficient and reversible manner
have been found. These promoters are particularly useful for
producing toxic compounds for the pharmaceutical or green
chemistry industries. One of the most widely used inducible
promoters in diatoms is the nitrate reductase (nr) promoter.
This promoter is induced by the presence of nitrate as the sole
nitrogen source in the medium, and is inactivated in the pres-
ence of ammonium ions [10]. The nr promoter, which was
first investigated in Cylindrotheca fusiformis, has since been
identified and used in T. pseudonana, P. tricornutum and Chaeto-
ceros [10,11,18,31]. However, a recent study revealed that the
promoter nr shows residual activity in the absence of nitrate,
leading to a low level of gene expression [34]. Promoters
induced by iron starvation and derived from the iron star-
vation-induced protein 1 (Isil), ferrichrome-binding protein 1
(fopl) and flavodoxin (fld) genes [19] have recently been
described, providing additional possibilities for the modulation
of gene expression in diatoms. A CO,-responsive promoter
derived from the plastid carbonic anhydrase gene (cal) of
P. tricornutum has also been identified [20].

Heterologous or synthetic promoters are required to drive
transgene expression without a negative effect on endogenous
regulatory networks. Examples of such promoters are the Lhcf2
promoter from P. tricornutum, which is used in Fistulifera
species [9], and the Lhcfl promoter from C. fusiformis, which
is used in P. tricornutum [21]. In addition, viral promoters have
been reported to be functional in P. tricornutum species. Thus,
the CaMV (cauliflower mosaic virus) promoter, the CMV (cyto-
megalovirus) promoter and the RSV promoter (Rous sarcoma
virus) drive reporter gene expression [22]. Similarly, the CIP1
promoter from diatom-infecting viruses can drive stable
expression and does so to levels higher than those observed
with endogenous diatom promoters and other viral promoters
(CaMV, CMV and RSV) [21]. Overall, the diversity of diatom
promoters now available opens up new opportunities to
control gene expression at specific times during culture and
to fine-tune enzyme levels, thereby facilitating metabolic
pathway engineering.

(i) Genetic reporter systems and selectable markers

The genetic reporter systems widely used to identify and
characterize promoters in diatoms (see above) have also greatly
contributed to studies of gene expression and regulation, and
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Table 1. Toolbox for diatom transformation including selectable markers, reporters and promoters used. ACCase, acetyl-CoA carboxylase gene; cal, beta-carbonic
anhydrase 1, cat, chloramphenicol acetyltransferase, conferring resistance to chloramphenicol; CaMV, cauliflower mosaic virus 35 S; (MV, cytomegalovirus; RSV,
Rous sarcoma virus; CIP1, Chaetoceros lorenzianus-infecting DNA virus; Cf-Lhcf1, Lhcf1 promoter from Cylindrotheca fusiformis; ef2, elongation factor 2; fop1,
ferrichrome-binding protein 1; fld, flavodoxin; GFP, green fluorescent protein; YFP, yellow fluorescent protein; CFP, cyan fluorescent protein; GUS, beta-
glucuronidase; Isi7, iron starvation-induced protein 1; LUC, luciferase; nat, nourseothricin acetyl transferase, conferring resistance to nourseothricin; nptll,
neomycin phosphotransferase 1I, conferring resistance to neomycin; psba, D1 polypeptide of the photosystem II; rbcl, rubisco large subunit gene; sat,
streptothricin acetyl transferase, conferring resistance to nourseothricin; sh ble, conferring resistance to zeocin or phleomycin.
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the spatial localization of proteins. Reporter genes for which
expression can be monitored on the basis of enzymatic activity,
notably the bacterial B-glucuronidase gene (GUS, also known
as uidA) [12] and the firefly luciferase (LUC) gene [8], can be
used to assess promoter activity. Fluorescent proteins such as
the green fluorescent protein (GFP) [12,26], the cyan fluorescent
protein (CFP) [26] and the yellow fluorescent protein (YFP)
[15,26] have been used as reporters for monitoring protein
localization in vivo. Selectable markers conferring resistance
to antibiotics have been developed for diatoms to facilitate
the isolation of genetic transformants. The most commonly
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used selectable markers in diatoms are nourseothricin (nat),
neomycin (nptll) and phleomycin/zeocin (sh ble) (table 1),
and the appropriate concentrations differ between species
(table 2).

(iii) Gene delivery methods for the nuclear and plastid genomes
Three techniques for nuclear gene transfer are commonly used
in diatoms: biolistics, electroporation and bacterial conju-
gation. In biolistics, also known as “particle bombardment’
or the ‘gene gun technique’, fine particles (microgold or
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Table 2. Antibiotic concentrations used to select resistant transformants.

selectable markers antibiotics concentration

species

sh ble zeocin Phaeodactylum tricornutum 100 pgml ' [7]
Glindrotheca fusiformis 1mg ml~ " [10]
Thalassiosira pseudonana Tgml™" [31]
Pseudonitzschia multistriata 50 g ml~" [30]
Pseudonitzschia arenysensis 50 g ml ™" [30]

sh ble phleomycin Phaeodactylum tricornutum 20 or 100 g ml~" [8,26]

nat nourseothricin Phaeodactylum tricornutum 300 g ml~ ! [35]
Chaetoceros gracilis 400 wg mg ml~ " [11]
Thalassiosira pseudonana 100 g ml~" [31]

nptll neomycin Phaeodactylum tricornutum 100 g ml~ ' [12]
Navicula saprophila 25 wg ml™" [29]
Fistulifera sp. 500 wg ml~" [9]

tungsten) coated with DNA are used to deliver transgenes
directly into diatom cells. This method has the advantage of
being suitable for use with several diatom species. Both pen-
nate and centric diatoms have been successfully transformed
with this technique (table 1). Transformation efficiency is
from 107 to 10~® diatom cells g~ ' DNA [8,21,35,36]. Biolis-
tic guns can be used with diverse species, and to introduce
multiple transgenes simultaneously [35], such that it is feasible
to construct a genetic circuit for synthetic biology. This method
is efficient but expensive due to the equipment required and
running costs involved. Consequently, another cheaper and
simpler method has been developed: electroporation. This
technique, based on the application of a strong electrical
field to enhance pore formation in the cell membrane, has
been successfully used to transform C. gracilis [11] and
P. tricornutum [23-25]. Various protocols, differing in pulse
length, the type and duration of the electrical field and the top-
ology of the DNA delivered, have been used in this second
species [23-25]. Several studies have shown that markedly
higher transformation efficiencies can be achieved with a
linear than with a circular plasmid. Transformation frequency
varies from 2000 to 4000 transgenic colonies per 10° cells, an
efficiency 10-100 times higher than that for Dbiolistic
approaches [24,25]. However, the success of this technique
seems to depend on the laboratory and the apparatus used.
The third technique used is an episome delivery method invol-
ving bacterial conjugation. It is effective for both DNA
delivery (with a transformation efficiency 1000 times higher
than that for biolistics) and long-term protein production
[26]. This strategy major
of uncontrolled genetic modifications due to the random inte-

circumvents  the issue
gration into the chromosome of plasmids delivered by biolistic
and electroporation methods. The use of this method is likely
to increase over the next few years.

Genetic manipulation of the chloroplast genome has also
received considerable attention due to the importance of this
organelle for fundamental biological processes, such as photo-
synthesis, and its capacity to serve as a cellular biofactory. The
chloroplast has all the essential characteristics for stable and
efficient transgene expression: (i) a high homologous recombi-
nation frequency facilitating gene insertion and preventing

Cyclotella cryptica 50 or 100 g ml~" [29]

position effects, (ii) the organization of plastid genes into
operons, making it possible to insert multiple genes, and
(iii) an absence of epigenetic marks ensuring high levels of
stable gene expression [37]. Plastids are ideal subcellular com-
partments for the production of large amounts of protein
without interfering with central metabolism [38]. Algal chloro-
plast transformation was first achieved in 1988, in the model
green alga Chlamydomonas reinhardtii, but it took another
20 years for chloroplast transformation to be demonstrated in
diatoms [27,28]. This was largely due to the complexity of
diatom plastids, which are surrounded by four membranes
because of secondary endosymbiosis rather than the two mem-
branes of primary plastids of land plants and green and red
algae. Two studies have reported plastid transformation by
homologous recombination in P. tricornutum [27,28]. However,
as plastid transformation techniques are not well established in
the diatom community, alternative strategies are frequently
used. For example, the gene of interest fused to a sequence
encoding a plastid-targeting signal sequence can be integrated
into the nuclear genome, such that the protein is produced and
transported into plastids. Plastid-targeting signal sequences
consist of a signal peptide followed by a transit peptide-like
sequence. These bipartite presequences are sufficient for plas-
tid import [16,39]. However, plastid import requires the
‘ASAFAP’-motif between
the signal peptide and the transit peptide-like domains [16].

presence of the conserved
The functionality of plastid-targeting signal sequences has
been demonstrated by fusion to the N-terminus of GFP
[16,39,40].

(b) Genetic engineering approaches for the
manipulation of diatom genomes

Two approaches are widely used to study gene function:
(i) classical genetic approaches based on random insertional
mutagenesis with a vector-encoded selectable marker gene
and high-throughput screening for a specific phenotype
and (ii) reverse genetic approaches involving the disruption
or modification of a specific gene. The diatom community
has tended to focus on reverse genetics rather than on classical
genetics. The reasons for this include a desire to link
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physiological processes to gene functions, and the difficulties
of gene inactivation in diploids like diatoms (random insertion
is vanishingly unlikely to provide inactivation of both alleles of
a gene). In reverse genetics, the goal is to investigate the conse-
quences of changes to a particular gene and thereby to infer its
function. Two approaches are used: (i) the deregulation of gene
expression through the overexpression of endogenous or heter-
ologous genes and (ii) the down-regulation of endogenous
genes and genome-editing technologies based on the use of
double-strand-break (DSB) mechanisms efficiently providing
targeted modifications.

(i) Modulation of gene expression

The development of expression vectors and delivery methods
has made it possible to increase the expression of a specific
gene and thus (i) to study the localization of the protein con-
cerned through fusion to a fluorescent marker, (ii) to assess
the consequences of this overexpression for metabolism,
(iii) to complement loss of function in a mutant strain, (iv) to
investigate gene functions across species barriers, by explor-
ing functional conservation in heterologous expression
experiments, and (v) to create new functions through the intro-
duction of foreign genes controlling a metabolic pathway,
the starting point for synthetic biology (see §3 on Metabolic
engineering). Today, only the first two of these approaches
have been used in diatoms but we expect a substantial increase
over the next few years. Methods based on the knock-down of
gene expression have been developed for diatoms, making it
possible to link genes to particular functions: RNA interference
(RNAI) [14,41,42] and more recently the artificial miRNAs [43].
The proof of concept of RNAi was in 2009 with the GUS repor-
ter gene [14]. Constructs expressing either anti-sense or
inverted repeat sequences were introduced into a P. tricornutum
GUS transgenic strain and repressed GUS expression. RNAi is
an extremely powerful tool for modulating gene expression in
diatoms: it has already been exploited to confirm the functions
of key enzymes in metabolic networks, and to increase the pro-
duction of valuable compounds in both P. tricornutum and
T. pseudonana [14,41,42,44,45].

(ii) Targeted genome engineering with site-specific nucleases

The use of double-strand DNA break (DSB) repair mechan-
isms has recently emerged as a revolutionary method for
highly efficient targeted genome modifications. Targeted
genome engineering has several advantages over conventional
methods based on the modulation of gene expression. First, it
involves transgene integration at a specific locus. This avoids
problems of genome instability and the absence of transgene
expression sometimes encountered with classical methods
based on random vector integration. Second, it can be used
to generate deletions or to introduce mutations into specific
target genes, a particularly difficult task in diploid organisms,
but essential for both basic and applied research. The fre-
quency of homologous recombination in microalgae is very
low (less than 107°), but molecular scissors able to induce
DSBs at a specific locus increases this frequency by at least
three orders of magnitude [35,46]. Three classes of sequence-
specific nucleases have been successfully used to induce
targeted modifications of diatom genomes (meganucleases,
TALENSs, CRISPR/Cas9). All of these nucleases are derived
from natural molecules, the basic functions of which have
been modified to create powerful tools for genome engineer-
ing. Meganucleases (MNs) are derived from the homing

endonucleases involved in the lateral transfer of introns or
inteins in yeasts [47,48]. TALENs are derived from the tran-
scriptional activator-like effectors produced by the plant
pathogenic bacterium Xanthomonas, which activate the tran-
scription of a specific plant gene promoting bacterial
infection [49,50]. Finally, the CRISPR/Cas9 system is derived
from an RNA-guided DNA cleavage defence system present
in bacteria and archaea and conferring a degree of ‘acquired
immunity’ against bacteriophages through storage of the
foreign DNA in their genome memory, at the CRISPR locus
[51,52]. Two peculiarities in diatoms complicate genome edit-
ing: first the diatoms are diplonts, which means that a
mutagenic event must occur in both alleles to inactivate the tar-
geted gene; and second, most DSBs are repaired faithfully.
Therefore, the initially transformed cell is not necessarily sub-
ject to the mutagenesis and each resulting colony is a mixed
population of cells with or without mutations and with
mutations of different types (mosaicism). Consequently, a sub-
sequent additional subcloning step is required (figure 1). Such
mosaicism has been described for the yeast transformed with
the I-Crel meganuclease [53].

The first proof-of-concept for targeted genome modification
in diatoms was provided in 2013; a high frequency of both tar-
geted mutagenesis and homologous recombination was
achieved in P. tricornutum using two types of designer nucleases:
MNs and TALENSs [35,54,55]. The proof-of-concept for meta-
bolic engineering in diatoms was provided a few months later,
with the creation of a strain producing large amounts of lipids
paving the way for a new field of investigation. This was done
by inactivating a key gene involved in the storage of energy as
sugars. Several groups have since produced and/or used
TALEN technology in P. tricornutum [35,56,57] and in T. pseudo-
nana [54]. The CRISPR/Cas9 system is very efficient and easy to
use, and can produce multiple gene modifications in several
organisms [58]. Consequently, several groups have embarked
on the evaluation of the CRISPR/Cas9 system in diatoms
[36]. Two groups have successfully used the system in P. tricor-
nutum and T. pseudonana [36,59]. For genome editing in
P. tricornutum, a codon-optimized Cas9 was placed under the
control of an Lhcf2 promoter and the guide RNA was placed
under the control of the P. tricornutum U6 snRNA promoter
[36]. In T. pseudonana, a human codon-optimized Cas9 and a
U6 small nuclear RNA from T. pseudonana were used [59].

3. Metabolic engineering by genetic engineering
approaches

(a) A greater knowledge of physiological mechanisms
Genome engineering methods for expressing, silencing or
deleting the gene of interest greatly facilitate studies of funda-
mental questions regarding the physiology, the evolutionary
ecology and the metabolism of diatoms. This section will pro-
vide a brief overview of how genome engineering has already
led to progress. We will present specific examples illustrating
the three key areas considered above rather than providing an
exhaustive description of the use of genome engineering in
diatom research.

(i) Elucidating the capacity of diatoms to tolerate intense light
Diatoms must cope with rapid changes in light intensity and
periodic exposure to very high light intensity; these microalgae
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mutation m1 on one allele

mutation m3 on one allele

mutations m2/m4
on both alleles

Figure 1. lllustration of the mosaicism concept within a colony obtained from transformation with an engineered nuclease. Phaeodactylum tricornutum cells were
transformed with engineered nuclease designed to recognize a specific sequence. The majority of the double-strand breaks induced by the nucleases are repaired by
faithful re-ligation such that there is no mutation. However, some double-strand breaks are repaired by the non-homologous end-joining (NHEJ) mechanism, in
which the broken chromosomes are rejoined, often imprecisely, thereby introducing nucleotide changes at the break site. Consequently, each colony is a mixed
population of cells with or without mutations and with mutations of different types (the mutation m1, m2, m3 and m4 can be different). The inactivation of one
gene requires a mutagenic event in both alleles, which is not the most frequent case observed within a colony. In addition, the simultaneous introduction of
nuclease and a DNA template with sequences displaying similarity to the targeted sequence leads to the formation of colonies harbouring a mixed population
of cells with or without integrating DNA matrix and with or without mutation induced by NHEJ.

are extremely tolerant to intense light [60,61]. Diatoms have
various strategies for dissipating the excess light as heat,
through so-called non-photochemical quenching (NPQ).
RNAIi and overexpression approaches have been used to ana-
lyse the mechanisms underlying NPQ. These studies led to
the identification of the key enzyme (de-epoxidase) catalysing
the conversion of diatoxanthin into diadinoxanthin, and
demonstrated the role of LCHX (a protein from the light-har-
vesting protein family) in high-light stress responses [62,63].
The RNAi experiment also revealed that the photoreceptors
(blue light photoreceptors cryptochrome PtCPF1 and aureo-
chromes), which can perceive light, may play a much more
important role in photoacclimation than those of higher
plants [14,18]. Combined genetic, physiology and biophysics
approaches have shown that diatoms optimize their photosyn-
thesis through extensive energy exchanges between plastids
and mitochondria [64].

(ii) Improving our knowledge of carbon fixation

The CO,-concentrating mechanism (CCM) enables diatoms to
play an important role in the global carbon cycle by avoiding
CO, limitation in seawater. However, little is known on the
carbon fixation pathway in diatoms. Over the last two dec-
ades, several groups have highlighted the existence of a
biophysical C3 CCM in both P. tricornutum and T. pseudonana,
by RNAi methods and subcellular localization of the putative
carbonic anhydrases and bicarbonate transporters [65,66]. In
addition to the C3 pathway, it has been suggested that
diatoms might also make use of the C4 CCM pathway, like
higher plants [67]. However, the absence of a plastid decar-
boxylase in P. tricornutum and the lack of a significant effect
on inorganic carbon acquisition after silencing of the

pyruvate-orthophosphate dikinase involved in the C4 path-
way [68] have raised debates about the possible presence of
a conventional CCM pathway in diatoms [66].

(iiii) Identifying enzymes controlling carbohydrate metabolism

pathways
The biochemical pathway for the synthesis of the principal sto-
rage carbohydrate of diatoms, chrysolaminarin, has been
studied. Chrysolaminarin is a B-1,3-glucan chain with g-1,6-
branches, stored in diatom vacuoles. By contrast, plants and
green algae store carbohydrates (starch consisting of o-1,4-glu-
cans) in chloroplasts. This vacuolar localization implies that the
degradative enzymes are also localized there. Several studies
have been undertaken to elucidate this particularity. One of
the UDP-glucose pyrophosphorylases (UGP1) has been
shown to be involved in chrysolaminarin synthesis: knocking
the expression of the UGP1 gene out or down significantly
decreases the amount of chrysolaminarin in P. tricornutum
[35,69]. Two of the three B-1,6-transglycosylases of diatoms
[70] catalysing the branching of B-1,3-glucan with B-1,6-
glucan units have been found in vacuoles and characterized
by complementing a yeast mutant [70]. The key enzyme form-
ing the B-1,3-glucan bonds of chrysolaminarin, B-1,3-glucan
synthase, has been identified and characterized by Huang
and colleagues (data to be published in a forthcoming paper).

These three examples illustrate the power of the genome
engineering techniques already available in diatoms to dissect
complex and sophisticated mechanisms. They will undoubt-
edly contribute to work on molecular mechanisms underlying
the ecological success of diatoms, to increasing our know-
ledge of diatom physiology particularly cell wall biogenesis
and regulation of the life cycles, and to discovering enzymes
controlling metabolism.
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(b) Redesigning the metabolic potential of cells for

biotechnological applications

A goal of industrial biotechnology is to develop new bio-
based technologies to convert renewable raw materials into
chemicals, useful materials and bioenergy. One particularly
challenging domain is metabolic engineering, or the redesign
of natural metabolic pathways to increase the production of
desired metabolites and to produce new compounds (for cost-
effective fuel, or synthesis of valuable chemicals or drugs)
[71,72]. Diatoms have substantial biotechnological potential:
they contain an abundance of marketable bioproducts (lipids,
pigments and nanomaterials); production can be enhanced
and new compounds created by genetic engineering; industrial
processes involving diatoms are cost-effective; diatoms perform
well in large-scale culture; and they are robust when faced with
harsh environmental conditions [73]. P. tricornutum is the only
diatom species that has been demonstrated to be robust in indus-
trial processes, as demonstrated by its industrial uses in
aquaculture and eicosapentaenoic acid production [74-76].

(i) Redesigning endogenous metabolic pathways to increase yield
The ability of diatoms to produce large amounts of lipids (30% of
dry weight, and up to 46% in conditions of nitrate starvation) has
excited considerable interest in their possible use as a diesel fuel
feedstock, or food or feed [73,77]. Twenty years ago, the Aquatic
Species Program selected from the 3000 microalgae strains
screened, a list of the 50 most promising microalgal strains for
biofuel production: 65% are diatoms [73,78]. One of the major
biotechnological challenges is overcoming the dependence of
this lipid production on stress, which results in lower biomass
productivity when the lipid metabolism pathway is engineered.
Several approaches have been used to increase lipid content and
storage in triacylglycerol (TAG) form or to modify the character-
istics of the lipids generated. In general, shorter carbon chain
lengths in biofuels are desirable for optimal cold-flow properties
[73,79] and saturated fatty acids are more desirable because they
confer good ignition quality (cetane number) on the fuel. By con-
trast, omega-3 (w-3) fatty acids are long chain polyunsaturated
fatty acids (C20:5, C22:4) with significant health benefits as
human food. The lipid metabolism in three diatoms has been
manipulated: P. tricornutum, T. pseudonana and F. solaris. Lipid
content was increased by (i) overproducing enzymes involved
in fatty-acid biosynthesis [80], (ii) overexpressing genes involved
in lipid storage in the TAG form [81-83], (iii) silencing or delet-
ing genes controlling competing pathways, such as the
carbohydrate pathway [35,69], (iv) silencing genes involved in
lipid catabolism [42,84] and (v) knocking down expression of
the nitrate reductase gene [85]. Desaturases and thioesterases
have also been overexpressed to modify fatty-acid profiles
[75,86—88]. Specific modifications of the diatom genome have
resulted in the production of several high-lipid producers of
potential interest for industrial purposes.

Another class of compounds, carotenoids, has been studied
in detail in diatoms. These molecules are important in light cap-
ture, protecting cells against the damaging effects of free radicals
(they are also precursors in the synthesis of hormones in humans
and are used as food-colouring agents and in animal feed sup-
plements) [89]. Carotenoid production in wild-type microalgae
has been commercially successful. The key genes involved in the
complex synthetic pathway have been identified, including
phytoene synthase [43,90-92], zeaxanthin epoxidase [93] and

violaxanthin epoxidase [63], a prerequisite for the production
of carotenoids for industrial applications.

(ii) Production of new compounds

It would be useful to be able to introduce heterologous genes con-
trolling a metabolic pathway absent from wild-type strains into
algae and diatoms. Manipulations of this type can be used to
create new products for industry and to reduce costs through
the production of valuable co-products. The first proof-of-
concept that diatoms can serve as efficient cell factories for the
production of new compounds was provided in 2011.
A human IgG antibody against the hepatitis B virus surface
protein was produced in P. tricornutum (HBsAg was 9% of total
soluble protein) [94,95]. A bioplastic poly-3-hydroxybutyrate
has similarly been produced in P. tricornutum (10.6% by cellular
dry weight) following overexpression of the three genes control-
ling the metabolic pathway [33]. These studies constitute a major
advance and modifications to the N-glycosylation pathway are
currently being made to develop an efficient platform for the
production of pharmaceutical compounds [96,97].

(iii) Nanocarriers for therapeutic applications

A recent study suggested that diatoms can be considered
as nanoporous silica-based materials for drug delivery in anti-
cancer treatment rather than as molecule producers [98].
Thalasiossira pseudonona was manipulated so as to serve as thera-
peutic biosilica nanoparticles: antibodies were attached to the
surface for the specific recognition of cancer cells, and the
same diatom silica particle was loaded with drugs to destroy
the tumour. This exciting progress should generate further
innovative ideas in the field.

4. Conclusion

We are at the dawn of a new era in diatom biology. The first
brick has been laid and the building of the pyramid has just
begun. The accumulation of genomic and transcriptomic data
associated with the development of cheap and easy-to-use
genome-editing technologies will facilitate continued rapid
progress in diatom biology. In this review, we summarize a
range of recent technical advances from transformation method-
ologies to genome engineering strategies, and the consequences
for basic and applied research. Henceforth, new fields can be
addressed, for example exploring the extraordinary capacity of
diatoms to adapt to environmental conditions, the molecular
basis of biofilm interactions, diatom morphological versatility
and the control of sexual reproduction in diatoms. The develop-
ment of genetic tools has paved the way for metabolic pathway
engineering for biotechnological applications, as illustrated by
the generation of high-lipid and carotenoid producers. In the
next few years, yields should improve, due in part to genomic
modifications made possible by the development of the
CRISPR/Cas9 system. The extension of these tools to an increas-
ing number of diatom species will be of great value for both basic
and applied research.
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